Von Willebrand factor (VWF) has been proposed to reduce the immunogenicity of therapeutic factor VIII (FVIII) in patients with hemophilia A. Using FVIII-deficient mice, we compared the immunogenicity of different preparations of plasma-derived (pd) and recombinant (r) FVIII. Treatment of mice with pdFVIII induced significantly lower titers of FVIII inhibitors, as measured by ELISA and in vitro coagulation assays, compared with rFVIII. Furthermore, pre-incubation of rFVIII with excess VWF significantly reduced rFVIII immunogenicity. Our data confirm that pdFVIII induces lower levels of inhibitors than rFVIII, and that VWF is an immuno-chaperone molecule for FVIII. 
H emophilia A is a rare genetic hemorrhagic disorder that affects 1 in 5,000-10,000 males. It results from the absence of endogenous pro-coagulant factor VIII (FVIII). 1 The management of bleeding episodes involves the intravenous administration of therapeutic FVIII to restore normal hemostasis. Sources of therapeutic FVIII are either pools of plasma from healthy donors or recombinant molecules produced by genetic engineering. In up to 35% of cases, the administration of exogenous FVIII to patients with hemophilia A leads to the development of anti-FVIII alloantibodies that inhibit the pro-coagulant activity of FVIII. 2 The occurrence of anti-FVIII antibodies, therefore, prevents further use of FVIII and is a major therapeutic challenge. Several risk factors associated with the development of FVIII inhibitors have been identified. 3, 4 In particular, VWF has been proposed as a key chaperon molecule in reducing the immunogenicity of therapeutic FVIII in patients with hemophilia A. There is some evidence to suggest that the incidence of inhibitor development is lower when patients are treated with VWF-containing plasma-derived FVIII (pdFVIII) than when recombinant products without VWF are used. 5 In fact, studies in a murine model of hemophilia A have indicated that the immunogenicity of FVIII is reduced in the presence of VWF. 6 We used the well-established model of FVIII-deficient mice to compare the immunogenicity of therapeutic preparations of pdFVIII and recombinant FVIII (rFVIII) that were commercially available in France at the time of the study. 
Design and Methods

Therapeutic FVIII preparations
Titration of FVIII inhibitors
Decomplemented plasma was incubated with a standard human plasma (Dade-Behring) for 2 hrs. at 37°C. The residual pro-coagulant FVIII activity was measured using a chromogenic assay following the manufacturers' recommendations (Dade-Behring). Bethesda titers, expressed in Bethesda units (BU)/mL, were calculated as described. 7 Bethesda titers are defined as the reciprocal of the dilution of plasma that produces 50% residual FVIII activity.
Results and Discussion
FVIII-deficient mice were treated with 1 IU of different FVIII preparations, 4 times over a period of 5 weeks. Mice were bled 5 days after the last injection. Titers of anti-FVIII IgG were measured by ELISA. All the therapeutic FVIII preparations induced FVIII-specific IgG in all the mice ( Figure 1A ). Full-length rFVIII preparations (mean±SEM in arbitrary units: 1260±365 and 1283±368 for ADV and HEL respectively) induced titers of anti-FVIII IgG similar to that induced by B-domain-deleted rFVIII (2154±957 for REF). Anti-FVIII IgG titers were significantly lower in mice treated with pdFVIII (330±145 for FAC) compared with mice treated with rFVIII (p<0.055). PBS-treated mice used as a control group did not spontaneously develop anti-FVIII IgG. Given this, inhibitory titers measured in the plasma of pdFVIII-treated mice (193±80 BU/mL, Figure 1B ) were lower than those measured in the plasma of HEL-treated mice (1,089±886 BU/mL, p=0.001), ADV-treated mice (901±735 BU/mL, p<0.01) and REF-treated mice (802±704 BU/mL, p=0.001). Because the pdFVIII preparation used in the study contains VWF, we investigated the presence of anti-VWF IgG in the different groups of mice. As predicted, only pdFVIII-treated mice developed significant amounts of anti-VWF IgG, as assessed by ELISA (Figure 2) .
We then investigated the protective effect conferred by VWF on the immunogenicity of FVIII in our experimental setup. rFVIII (ADV, 1 IU) was incubated alone or in the presence of 0.2 IU of pdVWF (WIL). Mice were then treated intravenously either with rFVIII alone, with rFVIII mixed with VWF, with VWF alone or with pdFVIII (FAC). Mice were bled 5 days after the fourth injection. 
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Anti-FVIII IgG titers were measured by ELISA. A significant difference was found between the levels of anti-FVIII IgG induced by rFVIII and by pdFVIII (p<0.0001, Figure 3 ). Injection of rFVIII pre-incubated with VWF resulted in a significant reduction in the amounts of anti-FVIII IgG produced by the mice (p<0.0001). The occurrence of FVIII inhibitors upon intravenous administration of therapeutic FVIII to patients with hemophilia A remains the major treatment complication. Several risk factors favoring the development of FVIII inhibitors have been identified. 4 Among these, the nature of the therapeutic FVIII preparation has been highlighted. The relative risk of developing FVIII inhibitors when rFVIII is used, has therefore been estimated to be 2.4-3.2-fold greater than when pdFVIII is administered. 5 This study used the different therapeutic preparations of FVIII commercially available in France and confirmed that mice treated with rFVIII produce higher titers of anti-FVIII IgG than mice treated with pdFVIII.
The use of mice to study the immunogenicity of human proteins introduces a certain degree of bias and limitations. In particular, while only up to 35% of the patients develop FVIII inhibitors upon administration of FVIII, 100% of mice demonstrate an immune response to human FVIII. Similarly, the use of inbred mice with restricted MHC haplotype may limit the diversity of the anti-FVIII immune response. However, a recent study has reported an unrestricted repertoire of anti-FVIII IgG in H-2D b FVIII-deficient mice. 8 In addition, while anti-VWF IgG have never been reported in patients treated with pdFVIII, we observed the development of VWF-specific IgG. This might be related to the sequence differences between the endogenous murine VWF and the exogenously administered human VWF (83% homology in amino acid sequences). Three different therapeutic preparations were used to provide rFVIII: Helixate ® , a full length FVIII molecule produced in baby hamster kidney (BHK) cell line; Advate ® , a full length FVIII produced in Chinese hamster ovary (CHO) cell line; and Refacto ® , a rFVIII, the B domain of which has been eliminated, produced in the CHO cell line. The three preparations of rFVIII induced similar levels of anti-FVIII IgG suggesting that the presence or absence of the B domain is not critical for the immunogenicity of FVIII in FVIII-deficient mice. Factane ® was used as a source of pdFVIII. The administration of Factane ® induced titers of anti-FVIII IgG that were 3.8-6.5-fold lower than that induced by the three rFVIII preparations. Therefore, the administration of pdFVIII induced lower titers of inhibitors than that of rFVIII.
A role for VWF in reducing FVIII immunogenicity has been previously suggested. The pre-incubation of rFVIII with VWF at molar ratios identical to that found in Factane ® resulted in a significant decrease in the titers of anti-FVIII IgG induced by the intravenous administration of FVIII. This observation reflects previous findings in FVIII-deficient mice. 6 The VWF used in our studies is a plasma-derived preparation that contains trace amounts 9 Our results demonstrate that the in vitro pre-incubation of rFVIII with VWF reduced its immunogenicity to the level achieved with pdFVIII. These data suggest that the immunogenicity of rFVIII is not due exclusively to the reduced ability of rFVIII to bind to VWF, but that other mechanisms must be implicated. Molecular mechanisms that account for the protective effect of VWF on FVIII immunogenicity must still, therefore, be defined.
We have recently demonstrated that VWF protects in a dose-dependent manner FVIII from being endocytosed by human dendritic cells in vitro, thus reducing its presentation to cellular effectors of the immune system. 10 Whether similar mechanisms are pertinent in vivo remains to be confirmed. In contrast to previously published work, 5 a recent clinical study has reported that VWF-containing pdFVIII does not give a lower risk of developing inhibitory antibodies than rFVIII.
11 This discrepancy may be due to the heterogeneity of the different pdFVIII products used to treat the patients included in the study in relation to their VWF content. Indeed, the molar ratio of VWF to FVIII in the different plasmaderived FVIII preparations ranges from 0 in the case of Monoclate ® or Hemophil-M ® to 174:1 in the case of Haemate-P ® (according to the manufacturers' communication).
Altogether, our data confirm that pdFVIII induces lower levels of anti-FVIII IgG than rFVIII, and confirm VWF as a key molecule in reducing the immunogenicity of therapeutic FVIII. The role of alternative immunomodulatory molecules such as transforming growth factor-beta 1 in reducing FVIII immunogenicity should, however, be considered. [12] [13] [14] As randomized clinical trials are difficult to implement in PUPs with hemophilia A, these results from comparative animal studies become particularly relevant. 
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